Abstract. Spinal cord injury (SCI) may cause changes that have damaging effects on sensation and functionality. However, methods for the significant amelioration of SCI-reduced nerve injury are lacking. Previous studies have indicated that reasonable and effective exercise may promote the recovery of injured nerves. Therefore, the aim of the present study was to investigate the ability of exercise to improve recovery following SCI and the underlying mechanism. A rat model was used to evaluate the effects of two different periods of exercise intervention on recovery following SCI. The exercise intervention comprised 15 or 30 min/day passive walking for 30 days. ELISA measurements were used to analysis the plasma levels of inflammatory cytokines. Reverse transcription-quantitative polymerase chain reaction and western blot analyses were performed to examine the levels of proteins and mRNAs associated with nuclear factor (NF)-κB-related signaling. In addition, histological examination and immunostaining were used to evaluate the neural injury and associated indicators. The results indicated that severe SCI induced a peripheral inflammatory response and increased the expression of inflammatory cytokines. In addition, the SCI-induced nerve injury was associated with increased glial fibrillary acidic protein (GFAP) expression and the upregulation of Toll-like receptor 4 (TLR4)/NF-κB signaling, which may further aggravate the inflammatory responses induced by SCI. However, the exercise intervention decreased SCI-induced GFAP expression and reduced the activation of the TLR4/NF-κB signaling pathway compared with that of SCI model rats that did not exercise. Furthermore, the exercise intervention inhibited the release of inflammatory cytokines into the serum. These results indicate that exercise treatment reduces inflammation and glial activation, and may be beneficial to recovery following SCI.
Introduction
A number of factors contribute to nerve injury-associated diseases (1) (2) (3) . Among these, spinal cord injury (SCI)-induced nerve damage is a serious threat to health worldwide (4) . Following SCI, patients experience continuous and often diverse neurological deficits and disability (5, 6) . According to the location and severity of SCI, symptoms may vary widely from pain or numbness to paralysis and incontinence (7) (8) (9) (10) . SCIs may be primary or secondary. Primary SCI involves the mechanical damage of neural elements, including transection or distraction. This damage usually occurs in cases of spinal fracture and/or dislocation, but may also occur in its absence. Penetrating injury of the spinal cord, such as that caused by bullets or weapons or the displacement of bone fragments, may also lead to primary SCI. In addition, in oncology, spinal cord compression may occur as a consequence of metastatic disease. Secondary SCI is mainly caused by arterial rupture, arterial thrombosis and insufficient perfusion (11, 12) .
Previous studies have indicated that reasonable and effective exercise is able to promote recovery from nerve injury (9, 11) . Aerobic exercise is regarded as an effective means to reduce fat and weight, and enables patients with obesity and diabetes to quickly improve their health (13, 14) . In previous studies, researchers have focused on identifying the types of exercise that are the most effective in helping patients who have various diseases, such as diabetes (15, 16) . To the best of our knowledge, there have been no studies concerning the specific molecular mechanisms underlying the beneficial effects of exercise, and it remains unclear whether exercise ameliorates nerve injury (17, 18) . Thus, the aim of the present study was to determine whether a defined amount of aerobic exercise is able to ameliorate SCI and the pathogenesis of nerve injury, and investigate the detailed molecular mechanisms by which aerobic exercise promotes recovery from SCI-induced nerve injury. The rats were randomly divided into four groups, six in each group: i) Control (CT group); ii) SCI (model group); iii) model with 15 min/day exercise (15 min/day group); iv) model with 30 min/day exercise (30 min/day group). A clinically relevant model of SCI mimicking the impact injury that occurs following traffic and other accidents was established. The rats were anesthetized with 80 mg/kg ketamine (Ketaset; Pfizer, Inc., New York, NY, USA) and 10 mg/kg xylazine (AnaSed; Lloyd Laboratories, Inc. Shenadoah, IA, USA) by intraperitoneal administration, and a laminectomy was performed at T10. Following immobilization of the spine with a spinal stereotactic device, SCI was induced by the method of Perot, which involved dropping a 5-g weight from a height of 8 cm onto an impounder (0.3 cm in diameter) gently placed on the spinal cord (19) . Buprenorphine (0.01-0.05 mg/kg) was administered for the treatment of post-operative pain. Following the surgery, the rats were helped to urinate via massage of the bladder twice per day until the micturition reflex was recovered. An intraperitoneal injection of penicillin (200,000 units) was administered twice per day to protect against infection during the first week after surgery. Penicillin was also provided in cases of infection occurrence.
Exercise intervention alleviates nerve injury
The Basso Beattie Bresnahan (BBB) scoring system (20) was employed to assess the neurological function of the rats using a double-blind method. This scoring system ranges from 0 to 21, where complete paraplegia is scored 0 and normal is scored 21. The scores were determined in a blinded manner by research assistants who were familiar with the BBB scoring system. The rats were allowed to move freely on a wide and flat surface for 2 min. The average score was obtained for each assessment and three assessments for each rat were conducted. The rats in the two treatment groups underwent passive walking rehabilitation training in the roller training machine, which the authors created, with a speed of 5 revolutions/min for 15 or 30 min/day, respectively, with the first training session occurring at 24 h post-injury. Following each 1-min period of movement during the training, the rats were allowed to rest for 2 min. The duration of the training period was 30 days. On day 30, following anesthesia with 5% chloral hydrate (50 mg/kg intraperitoneally; rat body weight at sacrifice, ~200 g), the rats were fixed in the supine position and sacrificed by decapitation. A 1-cm section of spinal cord centered on the lesion site, a 1-cm rostral section (starting 0.5 cm rostral from the impact site) and a caudal penumbra section (starting 0.5 cm caudal to the impact site) were taken for all groups for quantitative analysis.
Histological examination. Spinal cord sections of rats from the four groups were subjected to hematoxylin and eosin (H&E) staining and examined to detect tissue injury and inflammatory response using light microscopy. Immunohistochemical (IHC) examination was conducted to investigate astrocyte activation using glial fibrillary acidic protein (GFAP) antibody. Immunofluorescence examination of the tissues was also conducted to investigate SCI-induced nerve injury via the detection of proteins associated with nuclear factor (NF)-κB signaling, including TLR4, MyD88, GFAP and p-IκBα. Briefly, 8-µm-thick tissues were fixed with 2.5% glutaraldehyde in 0.1 mol/l phosphate buffer (pH 7.4) at room temperature for 15 min. The sections were wash twice (4 min each wash) with TBS supplemented by 0.1% saponin (Merck KGaA, Darmstadt, Germany). Endogenous peroxidase activity was blocked by incubating the sections with TBS supplemented by 0.3% H 2 O 2 , 0.1% saponin and 0.02% NaN 3 for 30 min at 4˚C. The sections were wash three times (3 min each wash) with TBS supplemented by 0.1% saponin. Next, non-specific binding sites were blocked diluted goat serum (1:100; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in TBS/saponin for 20 min at 37˚C. They were then incubated overnight at 4˚C, with the following primary antibodies: Rabbit anti-human TLR4 (1:500; cat. no. ab13556), mouse anti-human MyD88 antibody (1:1,000; cat. no. ab107585), rabbit anti-human GFAP polyclonal antibody (1:500; cat. no. ab7260) and rabbit anti-human p-IκBα polyclonal antibody (1:500; cat. no. ab92700; all Abcam, Cambridge, UK). The sections were wash four times (3 min each wash) with TBS supplemented by 0.1% saponin, then incubated with the following secondary antibodies for 30 min at 37˚C: Horseradish peroxidase-conjugated goat anti-mouse immunoglobulin (Ig)G (1:200; cat. no. ab6789) and rabbit anti-mouse IgG (1:200; cat. no. ab6728; both Abcam). The resulting peroxidase activity were revealed by incubating the slides with a 0.5 mg/ml DAB (Beijing Zhongshan Golden Bridge Biotechnology; OriGene Technologies, Inc., Beijing, China) + H 2 O 2 prepared in distilled water. The sections were wash four times in TBS (5 min/wash) and counterstained for 1 min at room temperature with hematoxylin. Next, they were dehydrated with sequential washes (1 min each wash) with 75, 80 and 100% ethanol. The sections were analyzed by optical microscopy and Image-Pro Plus (version 5.0) was used to quantify the data.
ELISA measurements. On day 30, following anesthesia with 1.0% pentobarbital sodium (45 mg/kg intraperitoneally), blood was extracted from the eyeball. The inflammatory cytokines interleukin (IL)-1β (cat. no. MLB00C), IL-6 (cat. no. D6050), IL-18 (cat. no. DBP180) and tumor necrosis factor (TNF)-α (cat. no. MTA00B) in the serum were tested using ELISA kits in accordance with the manufacturer's instructions (R&D Systems, Inc., Minneapolis, MN, USA).
Western blot analysis. For western blotting, 100 mg spinal cord tissues from rats in the different groups were lysed using radioimmunoprecipitation assay lysis buffer [150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate and 50 mM Tris-HCl, pH 8.0] to yield a homogenate. The final supernatants were then obtained by centrifugation at 4˚C and 12,000 x g for 15 min. The protein concentration was calculated using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.) with bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) as a standard. The total protein extract was used for western blot analysis. In this analysis, 40 µg total protein was loaded per lane and proteins were separated using 10% SDS-PAGE and electrophoretically transferred to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were then blocked with 5% non-fat dry milk in Tris-buffered saline (20 mM Tris, pH 7.6, 137 mM NaCl) with 0.1% Tween-20 for 60 min at room temperature, washed and then incubated with primary antibody overnight at 4˚C. The membranes were washed again, incubated with secondary antibody at 37˚C for 1 h and scanned following the use of the ECL Advanced Western Blotting kit (GE Healthcare Life Sciences, Little Chalfont, UK). The relative expression of protein was analyzed by Quantity One 1-D software (version 4.6.9; Bio-Rad Laboratories, Inc., Hercules, CA, USA) following internal reference calibration. The primary antibodies were as follows (1:1,000): Rabbit anti-NF-κB (cat. no. ab16502), transforming growth factor β1-activated kinase 1 (TAK1; cat. no. ab109526), TLR4 (cat. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). RT-qPCR was carried out to calculate RNA expression levels. Total RNA of tissue samples was extracted, frozen and pulverized using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and cDNA was synthesized from the RNA with oligo (dT) primers using the Advantage RT-for-PCR kit (Clontech Laboratories, Inc., Mountainview, CA, USA). qPCR was performed using SYBR-Green I (Invitrogen; Thermo Fisher Scientific, Inc.) and normalized to GAPDH gene expression. All primer sequences (Table I) used for qPCR were produced by Invitrogen (Thermo Fisher Scientific, Inc.). The cycling conditions were as follows: Pre-denaturation at 95˚C for 5 min, and 40 cycles of denaturation at 95˚C for 10 sec, annealing at 58˚C for 15 sec and extension at 72˚C for 20 sec. The copy number was calculated according to the 2 -ΔΔCq method described in a previous study (21) .
Statistical analysis. Data are expressed as the mean ± standard error of the mean. The treated tissues and corresponding controls were compared using GraphPad Prism version 6.0 (GraphPad Software, Inc., La Jolla, CA, USA) by one-way analysis of variance with Dunn's least significant difference test. P<0.05 was considered to indicate a statistically significant difference.
Results
Exercise improves the functional outcomes of the rats. The BBB scoring system was employed to assess the neurological functions of the rats in each group. Prior to training, the BBB score of the SCI model rats was 1. As shown in Fig. 1 , the BBB scores of the rats that received 15 and 30 min exercise training each day were significantly higher compared with those of the model group. This indicates that effective and moderate exercise helped to improve the functional outcomes of the rats.
Exercise suppresses SCI-stimulated tissue damage. Rats were treated with training exercise for 15 or 30 min/day for 30 days, after which the SCI and tissue inflammatory responses were evaluated. As shown in Fig. 2A and B, the spinal cords of the model and 30 min/day exercise treatment groups appeared clearly different. Also, GFAP was markedly activated in the model group compared with the CT and exercise treatment groups (Fig. 2C) . These results indicate that effective and moderate exercise helps to ameliorate SCI and promotes the resolution of inflammation. It also appears that the degree of improvement may be proportional to the duration of exercise. The H&E staining images presented in Fig. 2D further demonstrate that SCI caused tissue damage and induced an inflammatory response, and that exercise was able to suppress the upregulated inflammatory response. Exercise ameliorates the inflammatory response in the serum and spinal cord. Inflammation-associated cytokines serve an important role in SCI-induced nerve injury and neuroinflammation. Studies have demonstrated that a series of cytokines and inflammation-related signaling pathways may be activated during the occurrence of SCI (22) . The ELISA results in Fig. 3A -D illustrate the changes of pro-inflammatory cytokines that occurred in the serum of the rats following SCI. These results demonstrate that SCI significantly increased the serum levels of pro-inflammatory cytokines and promoted their release. However, the 30-min exercise treatment significantly suppressed the pro-inflammatory response compared with that in the model group. Fig. 3E -H shows the corresponding mRNA expression levels of these cytokines in the spinal cord of the different groups. These results indicate that moderate exercise attenuated the SCI-induced changes in RNA levels. The results are consistent with those for the respective proteins. Fig. 3I shows the relative mRNA expression levels of other inflammatory cytokines (interferon-γ, IL-17, IL-10, IL-2, IL-4 and IL-1) in the four groups. The mRNA expression levels of these major cytokines were also significantly downregulated following exercise training compared with those in the model group.
Exercise inhibits SCI-induced glial activation and nerve inflammation.
Whether the NF-κB pathway is involved in the inflammatory process was then investigated using immunofluorescence (Fig. 4) . The results in Fig. 4A -C and E show that components of the NF-κB pathway were significantly upregulated in the model group compared with the CT group. The immunofluorescence results in Fig. 4D indicate that GFAP positive cells, which serve as a marker of nerve injury (23), were also induced in the SCI model. These results demonstrate that SCI significantly increased GFAP cell activation, and promoted neuroinflammation and nerve injury. However, the training exercise helped to attenuate the damage.
Exercise regulates SCI-induced activation of the NF-κB inflammatory signaling pathway.
Western blot analysis further indicated that SCI significantly induced activation of the NF-κB-related inflammatory signaling pathway. As shown in Fig. 5 , in the model group, the protein expression of TLR4, MyD88, TAK1, p-IκBα, p-IKKβ and p-NF-κB was significantly upregulated compared with that in the control group. Also, the treatment groups exhibited significantly lower expression levels of these proteins compared with the model group, indicating that reasonable exercise has the ability to attenuate SCI. RT-qPCR analysis was also used to investigate these NF-κB-associated indicators, and the demonstrated that the mRNA levels of TLR4, MyD88, IκBα, TAK1 and IKKβ were significantly increased in the animals with SCI compared with the CT group (Fig. 6) . The results were consistent with the results of western blotting.
Discussion
SCI-induced nerve damage is a serious threat to the health of people worldwide (24) (25) (26) . SCI is associated with the secretion of pro-inflammatory cytokines, including IL-1β, IL-6 and TNF-α (27) . While an inflammatory response is necessary to clear debris from the site of injury, if it becomes out of control, an enlargement of the initial lesion results, with additional axonal damage, contusion, compression or stretch injury, and demyelination with concomitant exacerbation of neurological function loss (28) . Congenital lesions and tumor compression may also cause SCI, disc herniation and ischemia (29) (30) (31) (32) . The initial physical injury of SCI causes progressive damage, which spreads from the epicenter of injury. The initial physical injury causes tissue necrosis, neuronal disruption and vascular damage, and progressive damage may ensue, including oxidative stress, necrosis, inflammation, ischemia and apoptotic response (12, 24) . However, pharmacotherapies Individuals who survive SCI are likely to suffer from medical complications such as chronic pain, bladder and bowel dysfunction, and increased susceptibility to respiratory and heart problems, and their successful recovery is dependent upon the daily treatment of these chronic diseases (33) . Numerous researchers consider that reasonable exercise may help patients with SCI to recover, by improving their health and restoring normal physiological functions (34, 35) . Therefore, the current study aimed to investigate whether exercise is able to ameliorate SCI.
The results of the present study indicated that SCI caused nerve damage and systemic inflammation, and that moderate exercise had the ability to ameliorate SCI through the regulation of NF-κB signaling pathways and inhibition of nerve injury. The IHC and western blot analyses demonstrated that inflammation of the spinal cord was induced by SCI, and exercise was able to suppress this. The stimulation of peripheral inflammation by SCI was also examined in the present study. The increased serum cytokine levels detected by ELISA indicated that SCI caused a peripheral inflammatory response, this was also suppressed by exercise. NF-κB regulates the expression of genes associated with apoptosis, viral replication, tumorigenesis, inflammation and autoimmune disease (36) . NF-κB activation is considered to be part of the stress response, as it is induced by a variety of stimuli, including growth factors, cytokines, lymphokines, ultraviolet, pharmacological agents and stress (37) . The TLR4/NF-κB pathway is one of the most important signal transduction pathways in the initiation and development of inflammation (37) . The aforementioned stimuli also activate the phosphorylation, ubiquitination and degradation of IκB, which leads to the translocation of NF-κB to the nucleus where it binds to the consensus sequence of target genes and activates their transcription (38) . The phosphorylation of IκB is mediated by an IκB kinase complex comprising IKK1/IKKα, IKK2/IKKβ and IKK3/IKKγ (39) . In the present study, the expression of these TLR4/NF-κB pathway components in the spinal cord tissues of the rats was investigated using western blotting and RT-qPCR. The analysis indicated that SCI increased inflammatory gene transcription and protein expression, and significantly activated the TLR4/NF-κB signaling pathway. By contrast, exercise training suppressed protein phosphorylation in this pathway, and attenuated the SCI-induced inflammatory response.
In summary, the results of the present study indicate that SCI stimulates inflammatory responses by increasing the activation of glial cells and TLR4/NF-κB signaling pathways. However, exercise training may alleviate SCI-induced nerve injury by suppressing the expression of inflammatory mediators via TLR4/NF-κB signaling, and thus be beneficial to recovery following SCI. 
